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Experimental section Materials
We purchased PbI 2 , CH 3 NH 3 I, CH 3 NH 3 Br, CH(NH 2 ) 2 I, PbBr 2 , titanium diisopropoxide bis(acetylacetonate) solution (75% in 2-propanol), and spiroOMeTAD(2,29,7,79-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluoren-e) from Sigma-Aldrich. Titanium dioxide nanoparticles ( particle size of 30 nm) were provided by Dyesol and Fe(NO 3 ) 3 ·9H 2 O (98.5%), DMF, DMSO, anhydrous ethanol and acetone were bought from Kelon.
Device fabrication
Tools cleaning: FTO glass substrates and other experimental tools were cleaned with alkaline detergent, acetone, absolute ethanol, deionized water for 15 minutes, respectively, and then dried with a nitrogen flow.
Preparation of precursor solutions: titanium diisopropoxide bis(acetylacetonate) solution was diluted in ethanol (volume ratio 1:39) to prepare the pristine TiO 2 compact layer solution. 0.1 g Fe(NO 3 ) 3 ·9H 2 O was weighed and dissolved in 2 ml ethanol and then stirred for 3 h. After that, Fe(NO 3 ) 3 solution was added to pristine TiO 2 solution to form Fe 3+ -doped TiO 2 solution at different molar ratios (0.5 mol%, 1 mol%, 2 mol%, 5 mol%). Finally, the doped and undoped TiO 2 solutions (Fig. 1d ) were stirred for 6 h at room temperature. The meso-TiO 2 solution's concentration was 0.152 g/ml (diluted in ethanol) and the solution was stirred overnight. Calculation method of the ideal factor： Normally, the value of N is between 1 and 2 (when the PN junction current is dominated by the carrier diffusion in the neutral region of the cell, N is approaching 1.
And when the diode current is dominated by carrier recombination in depleted spacecharge region, N is approaching 2.). 2 However, N is larger than 2 in our experiment. This is because metal-semiconductor junctions can increase the ideality factor's value according to Jay M. Shah et al. So, the effective value of N is the sum of the ideality factors of the individual rectifying junctions. 3 The J-V characteristic of the perovskite solar cell is described as 4
where J L is the light induced constant current density, J 0 is the reverse saturated S-8 current density of a PN heterojunction, R S is the series resistance, R SH is the shunt resistance, J is the current density flowing through the external load, N is the ideality factor of a heterojunction, K B is the Boltzmann constant, T is the absolute temperature, e is the elementary charge, and V is the DC bias voltage that applied at the cell.
According to equation (1), when R SH is very large, it can be deduced
Then we can calculate the N of the cell based on equation (2) . The ideality factor of the cell is derived from the slope of -dV/dJ versus (Jsc-J) -1 curves shown in Fig. 4f . 
